Introduction
============

Human immunodeficiency virus type 1 (HIV-1) infection remains a global public health challenge, although antiretroviral therapy (ART) has been highly effective in suppressing viral replication. The current generation of ARTs is limited by its inability to inhibit non-replicating viruses and to penetrate solid tissues where the latent viral reservoirs reside [@B1]. Therefore, latent viral reservoirs pose a huge challenge to the eradication of the virus [@B2].

Extracellular vesicles (EVs), including exosomes, microvesicles, and apoptotic bodies, depending on the size of the structures, are nano-sized, membrane-enveloped structures containing mostly proteins and nucleic acids [@B3]. Exosomes are generally defined as 40-150 nm in diameter and are released from cells after fusion of the multivesicular bodies (MVBs) with the plasma membrane [@B4]. Exosomes are intraluminal vesicles secreted by a variety of cell types and are present in almost all biological fluids, functioning as natural transporters of bioactive molecules between the exosome-producing and recipient cells and playing various roles, including immunomodulation, regulating the activity of target cells and cell-cell communication [@B5], [@B6]. Exosomes are considered as potential drug delivery vehicles due to their biostability, potential allogenic nature, and lipophilic properties [@B7]. Besides transporting endogenous substances, reports have shown that exosomes can be used as naturally derived nanovesicles to deliver exogenous RNAs (siRNAs and miRNAs) to target tissues or cells *in vivo*, leading to gene knockdown or inhibiting tumor growth in mouse models [@B8]-[@B10]. More importantly, exosome-mediated nucleic acid delivery *in vivo* did not induce short-term innate immune activation nor cause overt side effects [@B11]. Furthermore, small protein or peptide could be introduced to the surface of exosomes for tissue-specific targeting [@B12]. Cheng *et al.* found that exosomes engineered with αCD3/αEGFR-specific antibody scFv expressed on their surface could effectively target CD3^+^ T cells and EGFR^+^ cancer tissue to deliver therapeutic cargo [@B13].

HIV-1 envelop protein (Env) is widely expressed on the surface of HIV-1-infected cells [@B14]. To cure HIV-1 infections, a big challenge is eliminating the persistent, quiescent HIV-1 infections within a small population of long-lived CD4^+^ T cells, which are a latent pool of HIV-1-infected cells [@B15]. The strategy to eradicate HIV-1 infection is to disrupt latency and induce viral antigen expression in cells by activators, such as HDAC inhibitors, to allow the action of antivirals [@B16]. Even on the latently-infected cells or tissues, Env would be expressed once they received stimulation, and the latency would therefore be disrupted [@B17]. We hereby engineered exosomes that express a single chain variable fragment (scFv) of a high affinity HIV-1 Env-specific monoclonal antibody 10E8 to deliver chemotherapeutic drug curcumin (Cur) or apoptosis-inducing miR-143 to the HIV-1-infected cells or tissues, for the elimination of HIV-1 cells. Our study explored the application of engineered EVs to eliminate HIV-1 latently infected cells by using a well-established latent infected model, the ACH2 cell line [@B18], [@B19] and PBMCs from chronically HIV-1-infected patients. In addition, we explored the feasibility of delivering the Cur-loaded exosomes via an intravenous route to target an env-expressing tumor in a humanized mouse model [@B20].

Materials and Methods
=====================

Exosome isolation
-----------------

Prior to cell culture, DMEM containing 20% FBS was centrifuged at 120,000 g for 2 h to deplete serum exosomes. HKT293T cells, used for exosome production, were cultured in 30 ml 5% exosome-depleted FBS in a 150 mm dish and maintained in 5% CO~2~ at 37°C for 48 h. Exosomes were isolated from the 30 mL harvested supernatant according to a previous report [@B21]. Briefly, the supernatant was centrifuged at 300 g for 10 min, 1200 g for 20 min, and 10,000 g for 30 min at 4°C to remove cells and cellular debris and then filtered through a 0.22 μm filter (Millipore, Billerica, MA, USA). The filtrate was centrifuged at 110,000 g for 120 min at 4°C in a Type Ti70 rotor, using an L-80XP ultracentrifuge (Beckman Coulter, Brea, CA, USA). The exosome pellet was resuspended in PBS and ultracentrifuged again at 110,000 g for 120 min [@B22]. The pelleted exosomes were resuspended in PBS and analyzed using a Micro BCA Protein Assay kit (Pierce, Rockford, IL, USA) or by western blotting analysis of exosomal markers using antibodies specific for Alix, Tsg101, and endoplasmic reticulum marker GM130 (Proteintech, Wuhan, China).

Characterization of exosomes by nanoparticle tracking analysis
--------------------------------------------------------------

Nanoparticle tracking analysis (NTA) was performed with a NanoSight LM10-HSB instrument (A&P Instrument Co., UK) using purified exosomes (100 mL; 10 ng/mL). The mean size and size distribution data were captured and analyzed with the NTA 2.2 Analytical Software Suite. All procedures were performed at room temperature.

Construction of 10E8~scFv~-pDisplay plasmid and transfection
------------------------------------------------------------

We engineered the vector by replacing the 10E8 scFv with 10E8~scFv~-pDisplay, which was obtained by insertion of the annealing synthesized single-stranded sequences for 10E8~scFv~ with restriction enzymatic sites *BgIII* and *SaII*. HEK293T cells were transfected with the vector expressing the 10E8-pDisplay fusion proteins using PEI transfection reagent (Invitrogen, USA).

Co-culture of exosomes and cells
--------------------------------

To investigate the uptake of 10E8~scFv~-exos by HIV-1 Env^+^ expressing CHO cells (Env^+^ CHO), which were generated by using a Env expressing vector described previously (Supplementary S10, S11) [@B23], the cells were co-cultured in the same dish and incubated with 10 mM DiI-perchlorate (DiI)-labeled exos or DiI-labeled 10E8~scFv~-exos at 37°C for 30 min [@B24]. The cells were washed and fixed with 4% paraformaldehyde, and nuclei were stained with 5 mM Hoechst 33342 and imaged with a fluorescence microscope A Ti-E microscope (Nikon). Fluorescence at the center wave-length/bandwidths of 440/44, 521/26, and 607/34 was collected using a 60× oil immersion lens and recorded with an Olympus FluoView FV10i (Tokyo, Japan) confocal microscope. The images were processed and analyzed using ImageJ software (NIH, Bethesda, MA, USA). ACH2 was is a gift from Prof. Kai Deng at Sun Yet-Sen University.

Inhibition of 10E8~scFv~-exos binding to Env^+^ cells by soluble 10E8 IgG
-------------------------------------------------------------------------

To test binding, exosomes were labeled by DiI. The cells were then pre-incubated with soluble 10E8 IgG (10E8; 20 μg), which was a gift from Prof. Jinghe Huang at Fudan University, in DMEM before DiI-labeled exosomes were loaded. To evaluate the functional relevance of 10E8 for 10E8~scFv~-exos and Env^+^ cells, scavenging assays were performed on Env^+^ cells for an increasing time in the presence or absence of 10E8.

Loading exosomes with therapeutic cargo
---------------------------------------

To load the exosomes with Cur, saponin, exosomes and Cur were mixed and incubated at 37°C for 10 min to ensure the plasma membrane of the exosomes fully recovered. Recovery was assessed by TEM as described above. Exosomes were then washed twice with cold PBS by ultracentrifugation at 120,000 g for 90 min to remove unincorporated free Cur. The loaded exosomes were quantified for encapsulated Cur by detecting intrinsic fluorescence of Cur using a Fluorescence Spectrophotometer F-4600 (HITACHI, Tokyo, Japan) at 530 nm with excitation at 425 nm. To load the exosomes with miRNA, MiR-143 was transfected by Exo-Fect^TM^ Exosomes Transfection Reagent (EXFT20A-1, SBI).

Flow cytometry
--------------

For fluorescence-activated cell sorting (FACS), exosomes from HEK293T cells were adsorbed onto 4 μm aldehyde-sulphate latex beads (Interfacial Dynamics, Tualatin, OR), incubated with Alexa Fluor PE-conjugated anti-HA tag antibodies, Alexa Fluor 488-conjugated anti-Myc tag antibodies, Alexa Fluor APC-conjugated anti-CD81 antibodies (all BD Pharmingen, San Jose, CA), and analyzed on a FACS Calibur system (Becton Dickinson, San Diego, CA).

Western blotting
----------------

For western blot analysis, ultracentrifuged exosomal pellets were lysed with RIPA buffer (Cell Signaling Technology) containing a Protease Inhibitor Cocktail (Calbiochem). The total protein was determined using a BCA kit, and an equivalent amount (25 μg) of exosomal protein was resolved by SDS-PAGE and transferred to nitrocellulose membranes. The blots were probed overnight at 4°C with antibodies specific for Alix, Tsg101, HA, GM130 as indicated[@B25]. IRDye IgG was used as secondary antibody (1:10,000) for 30 min. Bands were visualized on a Li-COR Odyssey Infrared Imager (Li-COR).

Tumor-bearing mouse model
-------------------------

Six week old female NOD-Prk^dcem26Cd52\ Il2rgem26Cd22^/NJU (NCG) mice were purchased from the Nanjing Institute of Biomedical Research. Env^+^ CHO cells (2.0 × 10^6^ cells in 100 μL PBS) were transplanted into the mammary fat pads of the mice and allowed to grow to a tumor size of 0.1 cm^3^ (volume length width^2^/2, measured with a Vernier caliper). The mice were then randomly divided into different experimental groups as described in the Results. All procedures were approved by the Committee on the Ethics of Animal Experiments of the Health Science Center of Nanjing University (Nanjing, China).

*In vivo* imaging of xenograft tumors
-------------------------------------

Mice were anesthetized via isoflurane inhalation, and intraperitoneally injected with 100 μL of 150 mM DiR iodide (DiR)-labeled exosomes. Bioluminescence imaging was performed with an IVIS (Xenogen), 10 min post injection. The section of interest was defined manually, and bioluminescence expressed as photon flux values (photons/s/cm^2^/steradian). Background photon flux was defined using an area of the tumor that did not receive an intraperitoneal injection of luciferin.

Statistical analysis
--------------------

All *in vitro* experiments were performed at least three times. The proliferation assay was performed six times. The results are described as mean ± SEM. Statistical analysis was performed by one-way analysis of variance (ANOVA) and comparisons among groups were performed by Tukey\'s honestly significant difference, or t-test. Tumor growth comparisons were performed by Mauchly\'s test of sphericity.

Results
=======

Characterization of 10E8~scFv~-expressing exosomes
--------------------------------------------------

We engineered pDisplay-10E8~scFv~ and generated exosomes displaying the scFv of 10E8 (10E8~scFv~) on the surface (Figure [1](#F1){ref-type="fig"}A). To generate 10E8~scFv~-expressing exosomes (10E8~scFv~-exos), 10E8~scFv~was fused to the extra-membrane N terminus of murine pDisplay protein by introducing the HA-10E8-Myc-pDisplay plasmid into HEK293T cells (Figure [1](#F1){ref-type="fig"}B). We purified exosomes from the culture supernatants of the cells and used nanoparticle tracking analysis (NTA) to measure exosome diameters. Mock transfected (Exos), transfected HEK293T cells (10E8~scFv~-exos) were similar in sizes, at 115 and 118 nm, respectively (Figure [2](#F2){ref-type="fig"}A). Transmission electron microscope (TEM) was used to investigate the morphology of the purified exosomes and a typical exosome structure was observed (Figure [2](#F2){ref-type="fig"}B). Expression of 10E8~scFv~ on the exosomes was examined using anti-hemagglutinin (HA) antibodies and western blot analysis. A 43 kD band, corresponding to the predicted size of 10E8~scFv~, was detected (Figure [2](#F2){ref-type="fig"}C). In addition, FACS was used to measure the surface expression of 10E8~scFv~ on 10E8~scFv~-exos and showed that 87.6% of the exosome sorted beads displayed 10E8~scFv~ on their outer membranes (Figure [2](#F2){ref-type="fig"}D), suggesting that majority of the exosomes express 10E8~scFv.~

To confirm that 10E8~scFv~ was incorporated onto the surface of exosomes, we analyzed the binding ability of these exosomes to the Env protein. The 10E8~scFv~-exos were labeled with the fluorescent agent DiI and the binding of the labeled exosomes to aldehyde-sulfate latex beads conjugated with recombinant HIV-1 Env protein was measured by the mean fluorescence intensity (MFI) of the beads. We observed that the beads treated with 10E8-exos had 3-folds higher MFI than those treated with exosomes only, indicating a specific binding mediated by 10E8-gp160 interaction. Moreover, the binding of 10E8~scFv~-exos to gp160 was almost completely blocked by 10E8~IgG~ (Figure [2](#F2){ref-type="fig"}E), confirming that the 10E8~scFv~-exos binding to gp160 was specifically mediated by 10E8~scFv~-gp160 interaction.

*In vitro* targeting of HIV-1 env-expressing cells by 10E8~scFv~-exos
---------------------------------------------------------------------

To investigate whether 10E8~scFv~-exos specifically target the CHO cells expressing trimeric HIV-1 envelop, we determined the binding efficiency of 10E8~scFv~-exos to Env^+^ CHO cells. The exosomes were stained with a lipophilic DiI dye (red) and the Env^+^ CHO cell membranes with GFP (green). Wild type CHO (Env**^-^** CHO) cells and exosomes without 10E8~scFv~(exos) served as negative controls. Confocal laser-scanning microscopic analysis showed that the red fluorescence merged with green fluorescence on Env^+^ cells treated with 10E8~scFv~-exos, indicating that 10E8~scFv~-exos were adsorbed onto the Env^+^ CHO cell surface. In contrast, the Env^-^ CHO cells treated with 10E8~scFv~-exos did not excite any red fluorescence (Figure [3](#F3){ref-type="fig"}A).

Furthermore, we incubated the DiI-labeled 10E8~scFv~-exos or the DiI-labeled control exos with a mixture of Env^-^ and Env^+^ CHO cells and subsequently measured the binding of exosomes to the cells by counting the DiI-positive cells. Results showed that 62.2% Env^+^ cells were positive with 10E8~scFv~-exos, in contrast to 31.2% Env^-^ cells. In contrast, the Env^+^ and Env^-^ cells exhibited similar DiI-positive counts when being incubated with Exos at 39.9% and 42.1%, respectively (Figure [3](#F3){ref-type="fig"}B). This result demonstrated the specific targeting of 10E8~scFv~-exos to Env-expressing cells.

In addition, we treated the mixture of Env^-^ and Env^+^ cells with different doses of 10E8~scFv~-exos and measured the DiI-positive cell counts the in Env^+^ or Env^-^ cell fraction (Figure [3](#F3){ref-type="fig"}C). As the dose of 10E8~scFv~-exos was reduced, DiI-positive Env^-^ cells decreased dramatically from 79.3% at 100 μg to 3.46% at 1 μg. In contrast, DiI-positive Env^+^ cells remained relatively unchanged from 98.4% at 100 μg to 94.2% at 1 μg. These results suggest that the binding of 10E8~scFv~-exos to the Env^+^ CHO cells was mediated specifically by the interaction between the HIV-1 envelope protein and 10E8~scFv~. To further demonstrate the specific targeting of Env^+^ CHO cells, we measured the relative binding of exosomes to an equal mixture of CHO cells expressing high level Env (52.2% Env^high^) and low level Env (47.8% Env^low^) with Env^-^ CHO cells as a control. Differential binding of 10E8~scFv~-exos to Env^high^ and Env^low^ CHO cells strongly suggests that the increased exosome binding was mediated by 10E8~scFv~ whereas Exos exhibited no differential binding to either Env^high^ or Env^low^ cells (Figure [3](#F3){ref-type="fig"}D). Further analysis of binding at 4°C showed that exosomes failed to bind the cells (Figure [3](#F3){ref-type="fig"}A and Figure [S1](#SM0){ref-type="supplementary-material"}), as expected. We further analyzed the competitive block using soluble 10E8 IgG to compete against 10E8-exos binding to Env^+^ cells by confocal microscopy. 10E8 IgG strongly inhibited 10E8~scFv~-exos binding to Env^+^ cells, whereas it did not affect the non-specific Exos binding (Figure [3](#F3){ref-type="fig"}E), demonstrating the specificity of the 10E8~scFv~-Env mediated exosomal fusion with the target cells.

10E8~scFv~-exos efficiently delivered chemotherapeutic agent Cur into Env^+^ cells
----------------------------------------------------------------------------------

To investigate if 10E8~scFv~-exos can specifically deliver biologically active agents to target cells, we loaded 10E8~scFv~-exos with a chemotherapeutic agent Cur, which is known to have anti-HIV activity and kill cells [@B26]. First, we measured the loading efficiency of Cur to exosomes by FACS, since Cur has inherent green fluorescence (Figure [4](#F4){ref-type="fig"}A). The encapsulated efficiency (EE) of Cur cargo in the exosomes was determined to be 34.46% by absorbance spectrophotometry (Figure [4](#F4){ref-type="fig"}B). Stability analysis showed that exosomal Cur was more stable than free Cur (Figure [4](#F4){ref-type="fig"}C) with the half-life of Cur extended by 3 h. Exosomal delivery of Cur to Env^+^ cells*in vitro* was determined by treating Env^+^ cells with free Cur, Exos-Cur or 10E8~scFv~-exos-Cur containing an equal amount of Cur and the Cur-induced cell killing was measured by MTT assay. As shown in Figure [4](#F4){ref-type="fig"}D, after 24 h, 50% of CHO cells and 42% of Env^+^ CHO cells remained viable in Exos-Cur treatment as compared with 60% of CHO cells and less than 10% Env^+^ CHO cells viable in 10E8~scFv~-exos-Cur treatment. In contrast, 90% of CHO or Env^+^ CHO cells remained alive in free Cur treatment, demonstrating that the increased killing of the Env^+^ cells by 10E8~scFv~-exos-Cur is likely mediated by 10E8~scFv~. We did not observe any killing of the cells by exosomes without Cur, suggesting that exosomes alone do not induce cytotoxicity. Our results revealed enhanced cell-entry efficiency of Cur, mediated by exosomes.

In addition, the killing of target cells by exosomal Cur was also measured by PI staining and analyzed by FACS. After 12 h, the killing of the Env^+^ and Env^-^ cells by free Cur were 6.34% and 11.2%, respectively, whereas the killing of the Env^+^ and Env^-^ cells by Exos-Cur increased to 11% and 28.1%, respectively. Notably, 10E8~scFv~-exos-Cur induced the strongest killing of Env^+^ cells at 75.8%, compared with non-specific killing of Env^-^ cells at 10.1% (Figure [4](#F4){ref-type="fig"}E). Given inhibitory activity of Cur on cell proliferation, we tested the inhibition of cell colony-formation by Cur, Exos-Cur, and 10E8~scFv~-exos-Cur and showed that 10E8~scFv~-exos-Cur exhibited the strongest inhibitory activity towards the colony-formation of Env^+^ cells (Figure [4](#F4){ref-type="fig"}F).

10E8~scFv~-exos-mediated miRNA delivery into and induction of Env^+^ cell apoptosis
-----------------------------------------------------------------------------------

Since miRNAs play multiple regulatory roles in cellular activity and can be introduced into exosomes, we packaged miR-143, an apoptosis-inducing miRNA [@B27], into exosomes and investigated its ability to induce apoptosis of the target cells *in vitro*. Exosomes were transfected with miR-143 labeled with florescent Cy5 and were purified. FACS analysis showed that 42.1% of exosomes were successfully loaded with miR-143 (Figure [5](#F5){ref-type="fig"}A). Approximately 10^6^ copies of miR-143 were determined per 100 μg exosomes by quantitative PCR (qPCR) (Figure [5](#F5){ref-type="fig"}B).

We then evaluated the apoptosis inducing activity of exosomal miR-143 by measuring the viability of Env^-^ and Env^+^ CHO cells which were treated with Lipo-miR-143, Exos-miR-143, or 10E8~scFv~-exos-miR-143 (Figure [5](#F5){ref-type="fig"}C). Less than 35% of the Lipo-miR-143 or Exos-miR-143 treated cells were killed, reflecting the basal level of apoptosis due to the non-specific delivery of the apoptotic miR-143 by lipophilic vectors. Notably, 10E8~scFv~-exos-miR-143 induced about 60% apoptotic in the Env^+^ target cells, as compared with about 35% in Env^-^ CHO cells. This differential induction of apoptosis was further substantiated by FACS analysis of PI staining, as shown in Figure [5](#F5){ref-type="fig"}D.

To further demonstrate the selective absorption and entry of 10E8~scFv~-exos-miR-143 onto Env^+^ cells, Lipo-miR-143, Exos-miR-143 or 10E8~scFv~-exos-miR-143 was added to the Env^-^ or Env^+^ cells cocultured in transwell as depicted in Figure [5](#F5){ref-type="fig"}E. The differential entry of 10E8~scFv~-exos-miR-143 into either Env^-^ or Env^+^ cells was measured by qPCR analysis of the relative miR-143 quantity in each cell compartment (Figure [5](#F5){ref-type="fig"}F). As shown in Figure. 5F, 20-fold higher miR-143 was detected in Env^+^ cell compartment than in the Env^-^ cells. In contrast, comparable levels of miR-143 were detected in Env^+^ and Env^-^ cell compartments when cells were treated with Exos-miR-143. Together these results suggest that 10E8~scFv~-exos mediated the selective transfer of miRNA into the Env^+^ cells.

10E8~scFv~-exos-delivered Cur or miR-143 induced HIV-1-infected cell death
--------------------------------------------------------------------------

10E8~scFv~-exos-delivered Cur or miR-143 killing of HIV-1-infected cells was evaluated by treating ghost cells infected with HIV-1 env-pseudotyped virus with 10E8~scFv~-exos-Cur or -miR-143 and measuring luciferase activity as previously described [@B28].We showed that both Cur and miR-143 delivered by 10E8~scFv~-exos resulted in the suppression of HIV-1 infection (Figure [6](#F6){ref-type="fig"}A and B). The viability of HIV-1-infected cells after exosome treatment was determined by CCK-8, as shown in Figure [6](#F6){ref-type="fig"}C and [6](#F6){ref-type="fig"}D. Notably, 10E8~scFv~-exos-Cur resulted in 60%, 46%, and 70% death in cells infected with HIV-1CNE40 [@B29], JR-FL [@B30] and CNE9 [@B29], respectively, as compared to the mock-treated cells. In contrast, Exos-Cur only resulted in 30%, 30%, and 54% death in cells infected with CNE40, JR-FL, and CNE9, respectively (Figure [6](#F6){ref-type="fig"}C). Similarly, 10E8~scFv~-exos-miR-143 induced 60%, 61%, and 70% killing of CNE-40-, JR-FL-, and CNE-9-infected cells, as compared to 10%, 20%, and 9% killing of the respective cells treated with Exos-miR-143 (Figure [6](#F6){ref-type="fig"}D).

In order to evaluate the ability of the engineered exosomes to kill latently infected cells and eradicate latent HIV reservoir, we utilized a widely used HIV-1 latently infected ACH2 cell line [@B18], [@B31]. As previously described, ACH2 cells, activated to switch from latency to active replication [@B32], were treated with exosomes and viral replication was determined by p24 release. The cells treated with free Cur or Exos-Cur resulted in a baseline suppression of HIV-1, due to nonspecific adsorption of Cur [@B26]. Notably, 10E8~scFv~-exos-Cur resulted in strong suppression of the viral replication as revealed by significant reduction of p24 level in the treated ACH2 cells, as shown in Figure [6](#F6){ref-type="fig"}E. Similarly, 10E8~scFv~-exos-miR-143 also significantly suppressed the virus level in the treated ACH2 cells compared with lipo-miR-143 or Exos-miR-143, as shown in Figure [6](#F6){ref-type="fig"}F. Moreover, ACH2 cells treated with exosomes loaded with Cy5 fluorescence-labeled miR-143 (miR-143-Cy5) confirmed that 10E8~scFv~-exos could specifically deliver miRNA to HIV-infected ACH2 more efficiently than exosomes or liposome vectors (Figure [6](#F6){ref-type="fig"}G).

We further tested 10E8~scFv~-exos-Cur or -miR-143 in PBMCs collected from an ART-treated chronic HIV-1-infected patient. Both 10E8~scFv~-exos-Cur and 10E8~scFv~-exos-miR-143 efficiently suppressed HIV-1 replication in the host cells as compared with Exos-Cur or Exos-miR-143, as shown in Figure [6](#F6){ref-type="fig"}H.

10E8~scFv~-Exos-Cur inhibited the growth of an Env^+^ tumor *in vivo*
---------------------------------------------------------------------

In previous research, Env^+^ tumors were exploited to study the targeting and eradication of HIV-1 in solid tissue reservoirs, including the gut, lymphoid, and central nervous system tissues [@B33]-[@B36]. In order to demonstrate Env-mediated targeting by 10E8~scFv~-exos *in vivo*, we induced solid tumors by inoculating 10^6^ Env^+^ CHO cells into NCG mice, as previously described [@B37]. Although Env^+^ CHO cells formed a tumor in NCG mice, 10E8~scFv~-exos could still efficiently target the Env^+^ cells and deliver cargo to them. In the present study, DiR dye-labeled 10E8~scFv~-exos or Exos was injected into NCG mice bearing \~0.2 cm^3^ tumors and the distribution of the injected exosomes was monitored in real time over 8 h using a Maestro^TM^ *in vivo* optical imaging system. Exos rapidly disseminated to all major organs after injection (Figure [7](#F7){ref-type="fig"}A). The strongest fluorescence was detected in the liver after 2 h. At the earliest time point analyzed (1 h), a fluorescence signal from 10E8~scFv~-exos was detected at the tumor sites where it peaked approximately 3 h after injection (Figure [7](#F7){ref-type="fig"}A, lower panel). The signal then began to decline, remained detectable at 4 h, but only a minimal level of signal was detected at 5 h. In contrast, no specific fluorescence was observed at the tumor sites at any time point after Exos injection. A close examination revealed that in animals treated with Exos, the Exos appeared to be excluded from the site of the tumor (Figure [7](#F7){ref-type="fig"}A, upper panel).

The distribution of the injected 10E8~scFv~-exos was thoroughly analyzed. 5 h after animals were injected with 10E8~scFv~-exos and *ex vivo* fluorescence imaging showed strong fluorescence signals in the tumor tissue, and relatively strong signals in the liver and intestinal tract (Figure [7](#F7){ref-type="fig"}B, right panel). In contrast, no specific fluorescence was detected in the tumor tissue from mice treated with Exos (Figure [7](#F7){ref-type="fig"}B, left panel), and the liver showed a similarly strong signal. These data are consistent with 10E8~scFv~-exos specifically delivering Cur to Env^+^ cells *in vitro*. We next assessed the effect of 10E8~scFv~-exos-Cur on tumor growth in the mouse model. Mice bearing \~0.1 cm^3^ Env^+^ tumors were randomly sorted into five groups and were treated as follows: (i) PBS, as a control; (ii) Exos; (iii) Exos-Cur; (iv) 10E8~scFv~-exos-Cur; and (v) an equivalent dose of free Cur. Mice were treated every five days for a total of 5 injections via the tail vein. Tumor volumes were measured by Vernier caliper every 5 days. The animals were sacrificed on day 25, tumors excised and weighted.

A significant suppression of tumor growth was observed in the animals treated with 10E8~scFv~-exos-Cur, as shown by the reduction of tumor volumes (Figure [7](#F7){ref-type="fig"}C) and weight (Figure [7](#F7){ref-type="fig"}D). Injection with 10E8~scFv~-exos-Cur induced tumor weight reduction by 71.26% as compared with the PBS-treated control (Table [S1](#SM0){ref-type="supplementary-material"}). Notably, the tumor volumes between the PBS- or the Cur-treated groups and 10E8~scFv~-exos-Cur treated groups indicated specific inhibition of tumors by 10E8~scFv~-exos-Cur. No morbidity or mortality occurred during the 25-day treatment with 10E8~scFv~-exos-Cur. The body weight of mice showed no differences among the animals treated with PBS or various exosomal preparations and the histology of major organs showed no toxicity with any of the exosomal preparations (Figure [S6](#SM0){ref-type="supplementary-material"}, S8, and S9). Our results suggest that 10E8~scFv~-exos-Cur is not generally toxic to the animals.

Discussion
==========

Nano-carriers using various materials have been developed recently for polyethylene glycol-coated liposomes, which are frequently used as carriers for *in vivo* drug or miRNA delivery, benefiting from easy preparation, acceptable toxicity profiles and*in vivo* persistence [@B38]. Liposomes, however, have several drawbacks, including low efficiency of targeting and accelerated blood clearance [@B39]. Extracellular vesicles (EVs or exosomes) are enveloped subcellular nanostructures secreted by various cell types into the extracellular medium, and can carry a variety of cargo, including proteins and RNA. They also play a central role in cellular signaling and regulation [@B40], [@B41]. On the other hand, exosomes are potential drug delivery carriers. In particular, engineering specific targeting molecules on the exosomal surface can facilitate their accumulation at desired sites of diseased tissues *in vivo*. Thus, the biocompatibility, low toxicity profiles, and possibly allogenic property of exosomes support their application in drug delivery [@B42].

The clearance of potential HIV reservoirs during highly active antiretroviral therapy (HAART) is key for treatment. It is widely accepted that latent HIV reservoirs could be stimulated to express viral proteins, such as envelop proteins, by various clinical means, providing a possibility to target the envelop in the HIV-1 reservoir [@B43]. Therefore, we engineered our exosomes to express the scFv of high affinity 10E8 and assessed the efficiency and specificity of 10E8~scFv~-exos as bespoke, specific targeting vehicles to deliver cytotoxic molecules both *in vitro* and *in vivo*. Our results indicated 10E8~scFv~-exos could specifically target Env^+^ cells and tissues. In addition, systemic delivery was possible by conventional intravenous administration. Furthermore, exosomes carrying Cur or miR-143 induced the death of HIV-1-infected cells. We demonstrated that 10E8~scFv~-exos were effective in cargo-induced killing of HIV-1 Env^+^ cell lines, reactivated HIV-1 latently infected ACH2 cells, as well as PBMCs isolated from an HIV-1 patient receiving ART. Notably, the 10E8~scFv~-exos more efficiently suppressed HIV-1 replication in these difficult-to-transduce T cells. These results, taken together, provide proof of concept of engineering exosomes expressing scFv of an HIV-1-specific antibody as a targeted delivery system for the eradication of HIV-1 infection.

In the present study, we used Cur or miR-143 as a cargo in exosomes to treat Env^+^ target cells, including HIV-1 infected cells. Cur has been shown to inhibit HIV-1 RT [@B44], [@B45] and to down-modulate the CD4 receptor [@B46]. On the other hand, miR-143 is a miRNA which induces cell apoptosis [@B47]. Thus, we demonstrated the feasibility of loading exosomes with two distinct class of molecules and inducing killing of the target cells.

Current synthetic carrier systems, such as lipid nanoparticles or polymeric nanoparticles, often have undesirable intrinsic properties such as immune activation as foreign particles and potential toxicity. Exosomes, however, can potentially overcome these drawbacks. By histological analysis and measurement of serum biochemical markers after intravenous administration of 10E8~scFv~-exos-Cur, neither tissue damage nor other abnormalities were detected in the major organs. In the present study, we provided an example of using exosomes for the targeted delivery of the chemotherapeutic drug Cur to solid tumors expressing Env^+^ in mice. As previous study revealed, solid lymphoid tissues in gut, the nervous system, and lymph nodes are important reservoirs of HIV-1 in infected patients. Although HAART could effectively suppress HIV-1 in the periphery, interruption of ART often allows the quick rebound of virus from these tissue reservoirs [@B48], [@B49]. Therefore, previous study used Env^+^ cell tumor as a model for the eradication the HIV-1 reservoir [@B37]. In the current study, our results showed that 10E8~scFv~-exos could deliver drugs to the target tissue and inhibit growth of tumors, suggesting that exosomes as a delivery vehicle could penetrate solid tissues. In addition, histological analysis did not show overt toxicity in the major organs of the experimental animals. Therefore, our results indicated that engineered exosomes could be an effective delivery system to treat solid tissue reservoirs of HIV-1 infection.

Although HIV-1 envelop protein was used as the target molecule in the present study, other molecules, such as tumor markers, can be selected as targets depending on the purpose of the treatment and the availability of high affinity monoclonal antibodies. Considering the possibility that tumors could down-modulate expression of some cell-surface receptors for immune evasion, it is plausible to target receptors that are required for tumor growth, such as EGFR in breast cancer [@B50]. Engineered exosomes may well serve as the next generation of RNA-based anti-HIV drug delivery tools. Their lipophilic nature may give them unique potential to deliver therapeutics to tissues for eradicating latent virus residing in solid tissues, such as lymphoid tissues. However, further research is needed to understand all the components that exosomes inherit from their parental cells and to improve the production of large amounts of well-characterized exosomal carriers with high loading capacity. Ongoing studies will attempt to address these questions.
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10E8~scFv~-exos

:   the scFv of a high affinity HIV-1-specific monoclonal antibody, 10E8, on exosomal surface

ART

:   antiretroviral therapy

CHO cells

:   Chinese hamster ovary cells

Cur

:   curcumin

ELISA

:   enzyme-linked immune sorbent assay

Env^+^ cells

:   CHO cell expressing a trimeric gp140 on its surface

EVs

:   Extracellular vesicles

FACS

:   fluorescence-activated cell sorting

HAART

:   highly active antiretroviral therapy

HEK293T cells

:   human epithelial kidney 293T cells

HIV-1

:   human immunodeficiency virus

IgG

:   Immunoglobulin G

MVBs

:   multivesicular bodies
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PBMCs

:   Peripheral Blood Mononuclear Cells
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![**Schematic representation of exosomes expressing 10E8 single chain fragment and targeting Env^+^ cells.**(A)HEK293T cells were transfected with a plasmid containing the recombinant 10E8~scFv~-pDisplay. The 10E8~scFv~-expressing exosomes were loaded with Cur to generate Cur-containing 10E8~scFv~-exosomes or transfected with miR-143 in order to generate miRNA-containing 10E8~scFv~-exosomes. The efficacy of engineered exosomes was tested *in vitro* and *in vivo* on Env^+^ cells. (B) Schematic representation of the pDisplay plasmid construct containing scFv of 10E8 monoclonal antibody.](thnov09p5657g001){#F1}

![**Characterization of exosomes and 10E8~scFv~ ligands on the surface of the exosomes.** (A) Size distributions of Exos, 10E8~scFv~-exos, and Cur-exos based on NTA measurements. The peak diameters were at 113.4 nm for Exos, and 115 nm for 10E8~scFv~-exos. (B) TEM images of Exos and 10E8~scFv~-Exos. Scale bar = 50 nm. (C) Western blots of exosomes extracted from supernatants of HEK293T cells. 10E8~scFv~-Exos were from the cells that had been transfected with pDisplay encoding 10E8 scFv, HA- tag, and Myc- tag. The quality of each exosome preparation was confirmed by hybridization with clear presence of exosome marker Flotillin 1, Tsg101, whereas absence of Golgi marker GM130. (D) CD81 the surface marker of EVs, as well as Myc- tag of 10E8~scFv~, were detected by flow cytometry for both Exos and 10E8~scFv~-Exos. Exos extracted from HEK293T cells were absorbed on latex beads and then were submitted to antibody staining. (E) Binding ability of exosomes to recombinant HIV-1 Env were tested. The exosomes were labeled with the fluorescent agent DiI (exos-DiI) and then were incubated with latex beads conjugated with HIV Env protein. MFI of the latex beads which absorbed exos-DiI was determined by flow cytometry. Additionally, soluble 10E8 IgG were used as a competitive inhibitor to block the binding between exos and Env- conjugated beads, in order to proof the specificity of binding mediated by 10E8~scFv~- Env interaction. Blank (beads only) and naked Exos served as control in the assay. Data are mean ± SEM from triplicated assays. \* p\< 0.05; \*\* p \< 0.01.](thnov09p5657g002){#F2}

###### 

**Binding of 10E8~scFv~-exos to HIV Env-expressing cells *in vitro*.**(A) Confocal microscopic images show colocalization of the exosomes and the membrane protein Env fused with GFP on the target CHO cells. Significant colocalization of DiI-labeled exosomes (red) with the Env protein was observed. (B) Exosomes purified from HEK293T were labeled with DiI and incubated with Env^+^ and Env^-^ cells at 37 °C for 24 h. 10E8~scFv~-exos showed significantly higher binding to Env^+^ cells compared with the naked exosomes. (C) Env^+^ cells specifically bound to 10E8~scFv~-exos. The mixture of Env^-^ and Env^+^ cells were treated with different doses of 10E8~scFv~-exos. Binding curve of 10E8~scFv~-exos to the Env^-^ fraction and the Env^+^ fraction were measured by the counts of cells that absorbed DiI- labeled exosomes (Exos-DiI). Red line shows the binding curve of the Env^-^ cell fraction; Blue line shows the binding curve of the Env^+^ cell fraction. Number shows the ratio of Exos-DiI- positive cells in the Env^+^ fraction (Blue) or Env^-^ fraction (Red). As the dose of 10E8~scFv~-exos was reduced, Env^+^ cells retained a high binding curve (Blue) but Env^-^ cells binding curve (Red) decreased. (D) Uptake of DiI-labeled 10E8~scFv~-exos was compared between that in the Env^low^ fraction and Env^high^ fraction of the Env^+^ CHO cells. Binding curves are shown by the Exos-DiI counts in each cell fraction. Red line shows the binding curve of the Env^low^ cell fraction; Blue line shows the binding curve of the Env^high^ cell fraction. (E) 10E8~scFv~-exos adsorption onto Env^+^ cells could be competitively inhibited by soluble 10E8 IgG. Blank and Exos were used as control.

![](thnov09p5657g003)
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![**Characterization of 10E8~scFv~-exos-Cur.** (A) Flow cytometric analysis of exosomal curcumin (Cur). Vesicles were embedded into 4 μm beads. Cur staining was used for detection of exosomes and compared with control exosomes and empty beads. (B) The encapsulated efficiency (EE) of Cur cargoes in the exosomes was determined by absorbance spectrophotometry. EE (%) = OD~Exos-Cur~ / OD~Cur~. OD of free Cur in loading process was set as control. (C) Stability of Exos-Cur were tested in comparison with free Cur. Cur and 10E8~scFv~-exos-Cur were suspended in PBS and incubated in the dark at 37℃. Absorbance curves at 421 nm show their concentration changes for the duration of 150 min. Data are mean ± SEM. Relative Abs (%) = (OD ~test~ - OD ~background~ ) / (OD ~start~ - OD ~background~). (D) *In vitro* cellular cytotoxicity of Cur delivered by 10E8~scFv~-exos was tested by the measurement of cell viability. Env^+^ or Env^-^ cells were incubated with medium (control), Exos, Exos-Cur, 10E8~scFv~-exos, 10E8~scFv~-exos-Cur, or free Cur for 24 h. Cur content in various preparations was adjusted to 15 μM. Cell viability was assessed using an MTT assay. 10E8~scFv~-exos-Cur showed higher cell killing of Env^+^ cells, as compared with free Cur at the corresponding concentration, which showed almost no cell killing. (E) Env^+^ or Env^-^ cell lines were treated with medium (control), Exos, Exos-Cur, 10E8~scFv~-exos, 10E8~scFv~-exos-Cur, or free Cur for 16 h. Cur content in various preparations was adjusted to 15 μM. Cell death was measured by PI staining and flow cytometry. Numbers shows the ratio of staining of PI in the treated cells. (F) Colony formation of the Env^-^ or Env^+^ cells treated exosomes were investigated. The sham groups were used as negative control. Data are mean ± SEM.](thnov09p5657g005){#F4}

![**10E8~scFv~-exos selectively delivered functional miR-143 into Env^+^ cells.**(A) Percentage of exosomes that contained miR-143-cy5. A hundred micrograms of purified exosomes was used. (B) qPCR analysis of miR-143 levels in the intracellular compartments or purified exosomes of HEK293T cells. (C) *In vitro* cytotoxicity of miR-143 delivered by 10E8~scFv~-exos was measured by the viability of cells. Env^+^ and Env^-^ cells were incubated with medium (control), Exos, Exos-miR-143, 10E8~scFv~-exos, 10E8~scFv~-exos-miR-143 or lipo-miR-143 for 24 h and the cell viability was assessed using an MTT assay. (D) Env^+^ cells were treated with medium (control), Exos, Exos-miR-143, 10E8~scFv~-exos, 10E8~scFv~-exos-miR-143, or lipo-miR-143 for 48 h. Cell death was measured by the PI staining method using flow cytometry. (E) Schematic representation of transwell co-culture with Env^-^ cells and Env^+^ cells are shown. Exosomes of various preparations were added to the top chamber. A porous (0.4 μm) membrane allows transfer of exosomes but precludes direct cell-cell contact. (F) qPCR analysis of miR-143 in the Env^+^ and Env^-^ cells for 24 h. Mock served as control. Data are mean ± SEM of three independent experiments.](thnov09p5657g006){#F5}

![**Cur or miR-143 delivered by 10E8~scFv~-exos induced HIV-infected cell killing.** (A, B)Ghost cells were infected with HIV-1 pseudo typed viruses. The infections were measured by a luciferase activity assay based on the *luc* gene integrated in the backbone of the engineered HIV-1 pseudotyped viruses. Relative luciferase activity (%) = ( Fluorescence~sample~ - Fluorescence~non-infected~ ) / ( Fluorescence~virus\ control~ - Fluorescence~non-infected~ ). Fluorescence~sample~ is from the HIV-1-infected ghost cells with experimental treatment; Fluorescence~non-infected~ is from the non-infected ghost cell control; and Fluorescence~virus\ control~ is from the ghost cells infected with HIV-1 without any treatment. The data are presented as the mean ± SEM (n = 3). Exos or 10E8~scFv~-exos were loaded with Cur (A). Exos or 10E8~scFv~-exos were loaded with miR-143 (B). (C, D) Cell death of HIV-1-infected host cells induced by the exosome cargo Cur or miR-143 were measured by cell viability. CCK-8 assays were used. Exos or 10E8~scFv~-exos were loaded with Cur (C). Exos or 10E8~scFv~-exos were loaded with miR-143 (D). (E, F) Suppression of HIV-1 in latency infected ACH2 cell model were tested by p24 released in the culture supernatant. Exos or 10E8~scFv~-exos were loaded with Cur (E). Exos or 10E8~scFv~-exos were loaded with miR-143 (F). (G) 10E8~scFv~-exos effectively targeted latency HIV-1-infected ACH2 cells. ACH2 cells were treated with exosomes or liposomes carrying miR-143-Cy5 and Cy5 fluorescence of the cells was tested. Mock and Exos without cargo were used as controls. (H) Killing of HIV-1-infected host cells were test in *ex vivo* PBMC directly from a chronic HIV-1-infected patient. P24-positive cells in the PBMC were determined by intracellular staining and flowcytometry. The PBMC without exosome treatment was used as control. The data are presented as the mean ± SEM (n =3).](thnov09p5657g007){#F6}

![***In vivo* tumor targeting by 10E8~scFv~-exos.** (A)Mice bearing Env^+^ tumors (\~0.4 cm^3^) were given a single intravenous injection of DiR-labeled Exos or 10E8~scFv~-exos. *In vivo* fluorescence signals were recorded hourly for up to 5 h post-injection. Three hours after injection of 10E8~scFv~-exos, maximal fluorescence was detected at the tumor sites (blue boxes). No fluorescence changes were associated with the tumors of naked exos- treated mice at any time point. (B) *Ex vivo* fluorescence imaging of major organs from tumor-bearing mice 5 h after intravenous injection with DiR-labeled exos or 10E8~scFv~-exos are shown. Exos accumulated mainly in the liver, intestinal tract, heart, and lung, while, apart from small amounts in the liver and intestinal tract, 10E8~scFv~-exos was highly enriched in the tumor tissue. (C) *In vivo* anti-tumor activity of 10E8~scFv~-exos-Cur are shown by the tumor volumes. Mice bearing tumors (\~0.1 cm^3^) were injected intravenously with different reagents, PBS (Control), Exos, Exos-Cur, 10E8~scFv~-exos-Cur or Cur (15 mg/kg) every five days for a total of 5 injections. (D) 10E8~scFv~-exos-Cur suppression of tumor growth as assayed on day 25 when the animals were sacrificed additionally. Statistical analyses were performed using a Mauchly\'s test of sphericity, \*, p \< 0.1 (n=5-6).](thnov09p5657g008){#F7}
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